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ABSTRACT
We have detected a set of transcripts in Drosophila melanogaster cells
which are homologous to repeating elements within the 'non-transcribed'
spacer region of rDNA. The RNA molecules range from 240 to 1680 nucleotides,
differing in length by an integral value of 240 nucleotides. We have
sequenced several AluI fragments which characterise the main 240 nucleotide
repeating element. We find that each of these fragments contain a segment
of approximately 50 nucleotides,which is homologous to the transcription
initiation site for pre-rRNA.
INTRODUCTION
The ribosomal genes of the higher eukaryotes typically occur in tandem
arrays in which the transcription units are separated from each other by so
called 'non-transcribed' spacer sequences. These spacers usually differ
significantly from the main transcription unit in nucleotide composition and
so could be readily visualised in partial denaturation mapping experiments
in the electron microscope using purified rDNA (1). The spacers can also be
visualised by the examination of chromatin where they are seen as quiescent
regions separating actively transcribed regions on which the nascent primary
rRNA transcript can be readily discerned. The primary transcripts are
subsequently processed by endonucleolytic cleavage to generate mature rRNAs.
The organisation of spacer elements has been most extensively studied in
Xenopus laevis for which it was shown using cloned rDNA that the spacer
elements were heterogeneous in length (2). Heteroduplex experiments carried
out with these cloned spacers indicated that the length heterogeneity was a
result of varying numbers of tandemly repetitive elements within the spacer
(3). Subsequent nucleotide sequence analysis showed that there were three
such repetitive regions, separated by non-repetitive areas containing a
BanHI restriction site termed 'B=an islands' (4, 5). The repetitive elements
in the spacer are related to the 'Bam island' sequence and in turn related to
the sequence at the initiation site for transcription. Restriction mapping
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of the non-transcribed spacer of cloned DNAs of Drosophila melanogaster
showed that these too contained a repetitive element characterised by
multiple AZuI sites spaced at regular intervals of 240 nucleotide pairs (6).
In this report we show by nucleic acid sequencing that these repetitive
elements share sequence homology with sequences at the site for the initiation
of rDNA transcription of the primary transcription unit (7). We also show
that the repetitive elements hybridise to a 'ladder' of transcripts
differing in length by 240 nucleotides, the length of the repeating unit.
MATERIALS AND METHODS
DNA Sequencing: The gel purified AluI fragments were cloned into the
SmaI site of M13 mp9, and sequenced as described by Sanger et al. (8) using
the modifications of Schreier and Cortese (9). Computer analysis was
carried out using the SEQ program (10).
RNA Gel Transfer Hybridisation: Denaturing gels were run in
formaldehyde (11). Following electrophoresis the RNA was transferred to
nitrocellulose (12) for hybridisation with restriction fragments labelled
in vitro by nick-translation.
RESULTS AND DISCUSSION
The primary rDNA transcript in Drosophila melanogaster is an 8kb RNA
molecule which as a result of endonucleolytic processing generates the
mature 28S, 18S, 5.8S and 2S rRNA. These molecules are transcribed from
uninterrupted rDNA units. There are, however, a high proportion of rDNA
units which contain insertion sequences in their 28S rRNA genes and which
are transcribed at very low levels (13). rDNA containing the major type I
insertion are incapable of producing functional rRNA since they have a
deletion of part of the 28S gene flanking the insertion (14). Transcripts
homologous to part of the insertion can however be detected in the
cytoplasm. Full length transcripts of the type II insertions on the other
hand can be detected in the nucleus, but not in the cytoplasm (15). Some
of these type II transcripts are linked to the proximal part of the rDNA
transcription unit. It is not clear whether there is rapid processing of
these insertion sequences from primary transcripts or whether transcription
simply terminates at a polyA tract on the right hand junction of the
insertion with the 28S gene. In the course of our investigations of these
transcripts we systematically surveyed entire rDNA repeating units looking
for homology to RNA. We were surprised to find that a HindIII/HaeIII
12
Nucleic Acids Research
(a)
28S NTS ETS
-T ' TlH hI h
(b)
_
(C) ,-l
A AA A
Figure l. Restriction Map of the Spacer Region of the rDNA Clone Dm103.
a) The 3' of the 28S gene is designated by the shaded block and the
external transcribed spacer of the following transcription unit by the open
block. Restriction sites are as follows: H, HindIII; A, AMuI; T, TaqI;
h,, HaeIII.
b) The segment corresponding to that sequenced by Long et al. (7) is
expanded. The zig-zag line indicates the region found to be homologous with
the repeating AluI fragments.
c) Two of the 240 nucleotide AluI fragments are shown on the expanded scale
with the regions homologous to b) in alignment.
Figure 2. Hybridisation of Embryonic Transcripts to Spacer
A Sequences. The arrows correspond to the migration positions of RNA
molecules ranging in size from 240 nucleotides to 1.68Kb and are
d placed at 240 nucleotide intervals. The sizes are relative to the
mobility of the Hinf fragments of pAT153, and the assumption is
made that the gel system is fully denaturing. The molecules
labelled 'p' and 'd' contain ETS sequences (see text for details
and reference 16 for full nomenclature).
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a) CTGTTCTACG ACAGAGGGTT CAAACTACTA TAGGTAGGCA GTGGTTGCCG ACCTCTCATA TTGTTCAAAA CGTATGTGTT
90 100 110 1 20 1 3t0 140 150 160
CATATGATTT TGGCAATTAT ATGAGTAAAT TAAATCATAT ACATATGAAA ATTAATATTT ATTATATGTA TRAGTGAAAA
170 180 190 200 9 12)220 23)0
ATGTTGAAAT ATTCCCATAT TCTCTAAGTA TTATAGAGAR AAGCCATTTG AGTGRATGGA TATAGTAGTG TAAG
i 94 CA AT TATATGAGTAAATTAA 113b) 116 CATATACATATGA AAATTAA 135
** ** *
96 AT TATATGAGTAAATTAA AT 115
119 ATACATATGA AAATTAATAT 138
96 ATTATATGAGTAAATTAAA 114
141 ATTATATGTATRAGTGAAA 159
102 TGAGTAAATTAA ATCATAT 12,0
126 TGA AARTTAATAT TTAT 142
107 AAATTAA AT CAT ATA 12!1
129 AAATTAATATTTATTATA 146
114 ATCATATACATA TGAAAA 131
141 ATTATATGTATAAGTGAAAA 160
95 AATTATATGA 104
89 TTAGTATACT 8C)
99 ATATGAG 105
tIII II
61 fATACTC 55
11 2 AAA TCATAT 12C
III 111111
91 TTTTAGTATA 82,
115 TCATATACAT 12<4
1111111 11
104 AGTATAT TA 96
119 ATACATATGAA 1.29
11 11111111
88 TA GTATACTT 79
137 ATTTATTATATGTATA 152
132 TAAA AGTATACATAT 118
140 TAT TATATG 148
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125 ATACATATAC 116
144 ATATGTATAAGTGA 157
126 TATACATAT ACT 115
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ATATCATCA 24
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restriction fragment containing virtually all the 'non-transcribed' spacer
(see Figure 1) was homologous to a set of transcripts which have not been
previously described. Figure 2 shows the result of such an experiment in
which the total RNA from 20 hour embryos was fractionated by electrophoresis
on a denaturing gel, and then transferred to a nitrocellulose filter for
hybridisation with the HindIII/HaeIII fragment. A 'ladder' of bands is seen
corresponding to RNA molecules differing in molecular length by an integral
value of 240 nucleotides. In addition two other strongly hybridising bands
can be seen in figure 2, designated 'p' and 'd'. These correspond to the
major primary transcript and a processing intermediate respectively. Both
have sequences from the external transcribed spacer (ETS), which is present
within this probe. The 240 nucleotide 'ladder' cannot, however, be discerned
when a TaqI/HaeIII fragment from the ETS is used alone (see figure 1 and 5
of references (16) and (15) respectively for an example of such an
experiment). The 240 nucleotide AluI fragments from within the 'non-
transcribed' spacer are homologous to this 'ladder' of transcripts. Although
in vivo transcripts of the 'non-transcribed' spacer have not been previously
reported, some evidence for the transcription of these sequences in an
in v'itro system has been presented by Kohorn and Rae (17).
Since the difference in length between the spacer transcripts
corresponded to the length of the repeating unit as defined by regularly
spaced AluI sites, we decided to compare the nucleotide sequence of the
Figure 3. The Nucleotide Sequence of an AluI Fragment.
a) The sequence indicated is common to four clones. Of three other clones
which were sequenced one showed the following differences: an additional TA
between nucleotides 24 and 25; an additional C between nucleotides 45 and
46; an additional T between nucleotide 73 and 74. Two showed the following
differences: an additional A between nucleotide 100 and 101; an A replacing
the T at nucleotide 133; an additional G between nucleotides 156 and 157;
a T replacing the G at nucleotide 210.
b) Regions of intrasequence homology detected by the SEQ program (10),
searching for homologies with greater than 75% matching.
c) Regions of dyad-symmetry detected by the SEQ program, searching for
greater than 87% base pairing.
d) Map of the 240 nucleotide AluI fragment showing cleavage sites for known
restriction endonucleases. The positiens of the imperfect direct sequence
repeats detected by the intrasequence homology search are shown to the left
of the map. The positions of sequences which show dyad-symmetry are shown
to the right of the map. Broadly speaking, these fall into two groups in
which the dyads are roughly clustered around nucleotides 100 and 130. The
other parameters of the SEQ program were set as follows for this analysis:
Mismatch, 5; After Dis, 2; Loop out, 3; GU pair, 0; Min Loop, 0; Max Loop, -1
See (10) for description of parameters.
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repeat with the previously determined sequence of the initiation site for the
primary transcript (7). We purified the 240 nucleotide AluI fragments from
the cloned rDNA segment, Dml03 (18), cloned these into M13 and sequenced
seven such clones. Four clones had an identical sequence (figure 3) and
three showed minor variations of this sequence (see legend to figure 3).
Two segments of the AluI fragment show considerable homology to the sequence
reported by Long et al. (7). These are indicated on the line diagram in
figure 3d (labelled 1 and 2) and are printed in alignment with the sequence
of Long et al. in figure 4. Segment 2 extends from nucleotide 72 to 163 and
10 20 30 40 50 60 70 so
CGTATBTGTT CAATATGATG TTGGCAATTA TATGA6TAAA TTAAATCATA TACATATGAA AATGATATT TATTATAT6T
CSTATSTSTT CA TATGATT TT6GCAATTA TATGA6TAAA TTAAATCATA TACATATGeA AATTAATATT TATTATATST
S1 90 100 110 120 130 140 150
90 100 110 120 130 140 150 160
ATATAS99BA AAAAATAATC ATATAATATA TATGAATAAT GGAAAATGAA 6TGTTCATCA TATTCTC8TA ATATATAAGA
ATA AG TGA AAAAA
158
170 180 190 200 210 220 230 240
9ATASCCC8 TATBTTGGT GGTAAAT6GA ATTGATA CCCGCTTTGA GGACAGCGGG TTCAAAAACT ACTATAGBTA
GACABAGG TTCAAA CT ACTATABSTA
18 26 36
250 260 270 280 290 300 310 320
SCA3TOOTT BCCGACCTCG CATT6TTCGA AATATATATT TCGTATAATG ATTATATTGG TTACTTATAA TAAAGTATAT
BGCA1TBCTT GCCGACCTCT CAT ATT
46 56
330 340 350 360 370 380 390 400
TATTATCCST ACAAATTTGT TTCTCAGTTC TTTTTGAACA CGGGACTTGG CTCCGCGAAT AATAGGATA TACGCTATTT
410 420 430 440 450 460 470
TASATAATAT CSTT6AAACA AAA6TCAAGT TTCTATTATA CATA TAA CAATCGTTT TCATATATTA T
Figure 4. Alignment of Sequences of the AluI fragment with the Sequence
Ar6unTithe Primary Transcription Initiation Site.
The continuous sequence is from reference 7, but is numbered
differently. Transcription begins at nucleotide 236. The transcribed
nucleotides are overscored with a dashed line. The two homologous regions
from the AluI fragment are shown below the continuous sequence and are
numbered as in figure 3. Mismatched nucleotides within these homologous
segments are indicated by asterisks below the lower sequence.
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would seem to correspond to the distal part of the last repeating element
in the 'non-transcribed' spacer. The nucleotide sequence then undergoes
considerable divergence at a position 140 nucleotides upstream from the
transcription initiation site. There is then, however, striking homology
between nucleotides 10 and 62 of the repeating AluI fragment (segment 1 in
figure 3d) and a 54 nucleotide sequence around the primary transcription
initiation site. The repetition of this sequence at intervals of 240
nucleotides within the 'non-transcribed' spacer would account for the
transcripts we have observed (figure 2). We imagine transcription can begin
randomly at one of these sites and then either proceed to the ETS or to the
next such site where further transcription might be blocked by a weak
terminator signal.
The finding of homologous sequences between the 'non-transcribed' spacer
and the external transcribed spacer of both D. melanogaster (this paper),
and Xenopus laevis (5), indicates that this is a common organisational
feature of rRNA genes. It has been suggested that such sequence elements
in the 'non-transcribed' spacer can sequester RNA polymerase molecules and
so serve as 'loading' sites for the enzyme. Moss (personal communication)
has evidence from in vitro studies that the sequences in the 'non-transcribed'
spacer can augment the transcription of the rDNA unit. Observations with
the electron microscope of actively transcribed chromatin of certain
tissues of Xenopus have revealed so-called 'prelude' transcripts in the
spacer region, providing direct evidence that this region can be transcribed
(19). It seems likely therefore that these homologous sequences found in
both the 'non-transcribed' spacer and at the initiation site for
transcription are important for the recognition of rDNA by RNA polymerase I.
We have used the nucleic acid sequence analysis program SEQ (10) to look for
any structural features within the 240 nucleotide AluI fragment which might
serve a role in recognising RNA polymerase. The only structural features
of any significance which we observe are in segment 2 (see figure 3), the
region immediately after which there is sequence divergence of the last
repeating unit before the primary transcription initiation site. There is
an indication that this region may be derived from three tandemly repeating
sub-elements, each about 20 nucleotides long. Furthermore two clusters of
sequences within this same region contain elements of dyad-symmetry. It will
be of interest to test the functional significance of these regions in
in vitro transcription systems. RNA polymerase I is unlike RNA polymerase II
in that it has a high degree of species specificity for its template. The
1 7
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D. melanogaster enzyme, for example, will transcribe D. melanogaster rDNA
but not D. virilis rDNA in vitro. Since the spacer sequences of rDNA have
long been known to show extensive evolutionary divergence between closely
related species it will be of interest to examine the nucleotide sequences
of the spacers from closely related Drosophila species capable of forming
inter-specific hybrids with D. melanogaster, in order to see whether these
putitively functional regions are more strongly conserved.
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Note Added In Press: since writing this manuscript we have discovered that
similar experiments have been carried out by B.D. Kohorn and P.M.M. Rae (Nucl.
Acids Res. 10, 6879-6886), E. Coen and G. Dover (Nucl. Acids Res. 10, 7017-7026)
and A. Sime7one, A. De Falco, G. Macino and E. Boncinelli (Nucl. Ac7is Res. in
press). Kohorn and Rae (op cit.) show that the non-transcribed spacer sequences
can promote transcription in vitro.
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